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Mapping and Sequencing
We initially seeded the chromosome with P1, PAC, and Caltech BAC clones anchored to a set of 1,645 radiation hybrid (RH) markers and known genes, mapping 5,392 clones to chromosome 5 with 4,943 of these localized by fluorescent in situ hybridization. After constructing a single enzyme restriction digest map, we chose an initial minimal tiling path to generate a draft sequence. After draft completion in 2001 we selected clones with an approach that integrated all of the publicly available draft sequence, previously reported clone contigs [1] [2] [3] including the Celera scaffolds 4 , BAC and fosmid end sequences, and BACs isolated with a directed overgo hybridization strategy to close gaps between anchored contigs. The final version of the tiling path contains 1,763 large-insert clones, 96% of which are BACs with 4 gaps remaining, all in the long arm. None of these remaining physical gaps could be cloned in current vector systems or are part of large duplications.
Our standard strategy of seeding then walking based on restriction maps proved unworkable in the duplication region of 5q13 associated with SMA and led to mapping errors due to the duplication with its primary insertion copy at 5p14 and a secondary copy in 5p13. We thus adopted a strategy of drafting high depth clone coverage from a BAC library (RPCI-11) built from the genome of a single individual to enable the construction of single haplotype paths spanning the duplicated regions. Hybridization probes were designed at 50 kb intervals across the working maps with additional probes for each uniquely identified duplicon and screened against RPCI-11 segments 3, 4 and 5. Probe results were then binned and ~40% of the positives selected for shotgun sequencing.
Single haplotype local maps were constructed by sequence analysis, relying on large (>30 kb) alignments with zero or one discrepancy and multiple clone depth. This immediately resolved both 5p copies. To complete the sequence of the more complex 5q13 copy, we used an iterative cycle of probing, sequencing, direct repeat resolution, full clone finishing and reanalysis.
We generated sequence by using a clone-by -clone shotgun sequencing strategy 5 followed by finishing with a custom primer approach. S1 ). Thirteen (out of 442 attempted marker placements) RH markers missing from the sequence were found to have been incorrectly assigned to chromosome 5.
Recombination distances from the deCODE 9 meiotic maps were compared to physical distances and recombination rates accurately tracking physical distance (see supplementary Fig. S2 ), as reported for other chromosomes.
Gene Catalog
We placed gene model transcripts on the chromosome 5 genomic sequence and manually reviewed these models by using previously described methods 10. Ultimately, a total of 923 protein-coding regions were verified as gene loci (see supplementary Table S1 
Chromosome 5 Genomic Duplications
We performed a detailed analysis of duplicated sequence ( 90% sequence identity and 1 kb in length) by comparing chromosome 5 against the July 2003 human genome
assembly. An estimated 3.49% (6.26 Mb) of the chromosome consists of segmental duplications, lower than the genome-wide average of 5.3% (see supplementary Table S2 and supplementary Table S3 ).
SMA Duplication Region
One of the most duplicated regions on chromosome 5 occurs in a 1-2 Mb interval mapping to 5q13.3. Homozygous deletions of the SMN1 gene and variable copies of the SMN2 duplication in this region have been associated with various forms of spinal 8 muscular atrophy and susceptibility to disease 11, 12 . Analysis of carriers and controls suggests extreme variability of this locus, but the underlying structural variation has never been documented at the sequence level 13 . Within the assembled version of chromosome 5, we identified a complex arrangement of 311 pairwise alignments (one sixth of the total 1,769 alignments) (Fig. 1 ). On average, the duplications are long (~200 kb) and show a high degree of sequence identity (98.66%). Duplications in this region include inter-chromosomal duplications, the majority of which map to chromosome 6, with at least three very large tandem intrachromosomal duplications with high percent identity (>99.5%) and various interspersed intrachromosomal duplications to other regions ( Fig. 2) . Interestingly, this region is enriched in genes. We annotated fourteen gene loci in this region, including SERF1 (small EDRK-rich factor 1), BIRC1
(baculoviral IAP repeat-containing 1) and SMN (survival of motor neuron), the gene for SMA.
During the sequencing and assembly of this region, we generated a consensus 
Protocadherin Gene Family
The largest gene family on chromosome 5 is the protocadherin (PCDH) gene cluster, which consists of 53 tandemly-arrayed, single-exon paralogous genes organized into three subclusters, designated , and 14 . Each protocadherin exon encodes an extracellular domain consisting of six cadherin-like ectodomain repeats, a transmembrane domain and a short cytoplasmic tail. At the 3' end of both the and subclusters are an additional three short exons that are alternatively cis-spliced to each and exon, providing a "constant" cytoplasmic region [14] [15] [16] . Each protocadherin gene is transcribed from its own promoter and all protocadherin cluster promoters share a highly conserved core motif 17, 18 . Promoter choice appears to determine the splicing of a particular or variable exon to the first constant region exon, in that the splice donor site of the transcribed variable exon is used in cis-splicing 15 .
Each neuron appears to express a distinct combination of protocadherin genes 19 .
Protocadherin proteins are thought to form homophilic interactions at synapses, providing a molecular means to distinguish subsets of neurons based on the combinations of protocadherins they express 19, 20 . Protocadherin clusters are present in many vertebrate species, although the sequence content greatly differs between mammals and other vertebrates. Protocadherin cluster genes in humans and other species also undergo frequent gene conversion events. These events are restricted to specific ectodomains, resulting in some ectodomains becoming nearly identical among paralogs while other ectodomains remain diverse. This process also generates allelic variants of human protocadherin cluster genes.
Comparative Biology
To understand further the evolution and functional sequences of human chromosome 5,
we performed comparative analyses versus the available chimpanzee, mouse, rat, chicken, frog (Xenopus tropicalis), and fish (Fugu rubripes) draft genomes. These comparisons revealed numerous large-scale chromosomal rearrangement events occurring since each of these species last common ancestor with humans, as well as a variety of non-randomly distributed conserved noncoding regions (Fig. 3a) . Additional analyses of the distribution of genes and conserved noncoding sequences along the length of the chromosome support the existence of large gene-poor regions with highly conserved noncoding sequences that likely regulate genes from a distance. Finally, we examined conservation in a comparative analysis of the extensively studied interleukin gene cluster region on 5q31.
Synteny
By building segmental maps from DNA alignments of all the vertebrate species described above, we were able to confirm and extend previous homologous chromosomal relationships with human chromosome 5. While recent experimental studies support that large-scale rearrangements (40 kb to 175 kb) have frequently occurred during primate genome evolution 21 , our comparison of finished human chromosome 5 and the recent chimpanzee draft genome sequence (Intl. Chimpanzee Genome Sequencing Consortium, in preparation) uncovered even larger-scale events. For example, we found a large 80
Mb inversion in comparison to the chimpanzee genome, homologous to almost half of human chromosome 5 between 5p14 and 5q15 (Fig. 3a) . It has been proposed that these large-scale rearrangements create barriers to fertile mating and triggered the speciation that separated these two lineages 22 . Comparison versus the mouse genome sequence 23 yielded 142 chromosomal rearrangements ranging in size from 200 kb to 17 Mb.
Between human and chicken, we found that one-third of human chromosome 5 is homologous to the sex chromosome Z 24 , further supporting that sex chromosomes have evolved independently following the avian and mammalian split some 300 Mya 25 .
Chimpanzee
In addition to exploring the syntenic relationship between human chromosome 5 and the recent draft assembly of the chimpanzee genome, we catalogued sequence changes between these two primate species. To explore the constraint on human-chimpanzee evolution in non-coding regions, we compared the number of nucleotide substitutions in coding sequences, as well as noncoding regions conserved and not conserved in rodents.
We found a substitution rate of 0.0067 changes/nucleotide in coding sequences, 0.0091 in noncoding regions conserved in rodents, and 0.015 in noncoding regions not conserved in rodents. The decreased substitution rate in coding sequences and noncoding sequences conserved in rodents (compared to noncoding regions not conserved in rodents) support that both of the former categories are under evolutionary constraint. This also supports that human/chimpanzee coding and noncoding sequences conserved in rodents have been under modern selective constraint since the last common ancestor of these two primates.
We next exploited data that compared the patterns of variation within human and chimpanzee exons to identify genes potentially under positive selection in the human lineage 26 . We found that 21 genes randomly distributed over the length of chromosome 5 display a p-value less than 0.01 for an increased evolutionary rate in the human lineage.
Of note is that the two highest ranked genes (FBN2 and SQSTM1) are both linked to human diseases. Mutations in FBN2 cause pathologies similar to Marfan syndrome (FBN1), while one study links SQSTM1 to Paget's disease of the bone 27 . As the chimpanzee genome reaches a further draft state, a similar complete re-analysis of the entire human gene set will likely yield a large number of quickly evolving genes, which may explain aspects of biology unique to Homo sapiens.
Vertebrate Conservation
To annotate functional elements, we identified slowly evolving regions, presumably under evolutionary constraint, through DNA comparison with rodent, chicken, Xenopus and Fugu (p-value < 0.01). A chromosome-wide analysis resulted in 15,325 discrete non-coding regions between human/mouse/rat, 2,429 between human/mouse/chicken, 258 between human/mouse/Xenopus and 213 between human/mouse/Fugu. We found that the distribution of human/mouse/Fugu conserved noncoding sequences is highly uneven along the length of the chromosome (Fig. 3b) with 42 centered around an Iroquois homeobox (IRX) gene family at 5p15. These discrete evolutionarily conserved sequences provide an immediate substrate for functional sequences in noncoding DNA, including those important in gene regulation.
Gene poor regions

13
Recent work has shown that a significant fraction of non-coding elements conserved between human and Fugu have gene regulatory activity even though many are located at great distances from the genes whose expression they control 28 . In addition to their location between conserved flanking genes, evidence to support distant gene regulatory sequences is the maintenance of long syntenic blocks across distant evolutionary species 29 .
To determine whether such regions exist on human chromosome 5, we built a segmental homology map between human, chimp, mouse, rat, and chicken. This map revealed two segments larger than 3 Mb that do not contain any evolutionary breakpoints or insertions larger than 250 kb within all the species examined. Remarkably, despite this high level of conservation, these two large segments have very few genes, overlapping the extremely gene-poor regions at 5p15 and 5q34 that are 3.1 and 5.0 Mb in size, respectively. In addition, each is highly enriched for conserved noncoding sequences with distant non-mammalian vertebrates (Fig. 3c) . In contrast to the Interleukin cluster (described below) and despite being gene poor, the 3. Table S4 ). Consistent with the fast evolutionary rate of the interleukin genes, the majority of the interleukin gene exons (18 of 21) are among the exon sequences that lack similarity in the analyzed species. Exons of two hypothetical protein genes (JGI_962 and LOC375468) in the 5q31 cluster also fall into this category. In the analysis of noncoding sequences, we found 83 conserved humanmouse elements that include two previously characterized gene enhancers (CNS-1 and CNS-7) 25 . One of these conserved elements is more highly conserved than CNS-1 and CNS-7, yet remains functionally undefined. In addition, we found six human-mousechicken conserved noncoding sequences, one of which is also conserved in Xenopus.
These six conserved noncoding sequences display strong evolutionary constraint and represent a prioritized substrate for future experimental studies to elucidate their function(s).
Human Disease
Not long after the concept of using anonymous polymorphic DNA markers to localize disease loci was proposed, linkages for many diseases on chromosome 5 were found, positional cloning and other strategies rapidly isolated the genes for these clearly segregating disorders. To date, mutations in 66 specific genes are known for Mendelian diseases, an additional 14 single-gene diseases have been finely mapped to the chromosome 5 and not yet linked to specific genes. In one of the first examples to take advantage of linkage disequilibrium to positionally clone a gene, Hästbacka et al.
identified the DTD gene mutated in dyastrophic dysplasia in the Finnish population in 1994 31 . Identification of mutations in the growth hormone receptor gene, at 5p12-p13, in
Laron dwarfism was an early case of "positional candidate cloning", in which the gene was cloned and its location known prior to mapping the trait 32 . As mentioned previously, some of the more prominent disorders are caused by structural deletions in intrachromosomal duplication regions. Spinal muscular atrophy-1 (SMA), which has an incidence of 1 out of 6,000 newborns, can be caused by an inherited deletion in 5q13, mutations in the SMN-1 gene, or arise spontaneously 11 . Microdeletions in a duplicated region in 5q35 cause Sotos syndrome, a debilitating disorder that results in cranial overgrowth and mental retardation 33 , in which the duplication is thought to mediate severity 34 . Chromosome 5 genes are also involved in obesity, deafness, epilepsy, a variety of eye disorders, muscular dystrophies, ataxias, startle disease, blood clotting disorders, a wide variety of metabolic disorders, and diseases of many other organ systems have been cloned and used in diagnostic and functional studies to date (see supplementary Table S5 ). The availability of this completed sequence will further advance our understanding of human disease and the rate at which disease genes are identified and cloned with causative mutations should be greatly accelerated.
Methods
Sequencing and finishing methods
BAC DNA was hydrodynamically sheared by using a Hydroshear Instrument (GeneMachines, San Carlos, CA), size selected (3-4kb) and subcloned into the plasmid vector pUC18. Randomly selected plasmid subclones were sequenced in both directions using universal primers and BigDye Terminator chemistry to an average sequence depth of 8x. Sequences were then assembled and edited by using the Phred/Phrap/Consed suite of programs 35, 36 . Following manual inspection of the assembled sequences, clones were finished by resequencing plasmid subclones and by walking on plasmid subclones or the large insert clone by using custom primers. All finishing reactions were performed with dGTP BigDye
Terminator chemistry (Applied Biosystems, Foster City, CA). Finished clones contain no gaps and are estimated to contain less than one error per 10,000 base pairs. Clones with a very high repeat content or which showed considerable bias when cloned into the pUC derived vector had additional 8-10 kb libraries constructed in an alternate low copy number vector.
Marker Placement
Genetic markers were placed on the genomic sequence using E-PCR 37 . Markers were allowed to have up to 3 mismatches and were subsequently verified by placing the STS sequence, downloaded from UniSTS, by using NCBI Megablast using the parameters (-D3 -U T -F m -J F -X 180 -r 10 -q -20 -R T -W 22).
Pseudogene identification
Pseudogenes were defined as gene models built by homology to known human genes where alignment between the model and the homolog shows at least one stop codon or frameshift mutation. For the fragments of genomic sequence of the chromosome 5 masked of repeats by using RepeatMasker (A. Smit and P. Green, unpublished), 38 we identified homology to human IPI proteins by using NCBI BlastX. For each fragment of genomics sequence homologous to an IPI protein, we built gene models by using the GeneWise program. The overlapping gene models were clustered and the alignment of the top-scoring model with its human homolog was analyzed for the presence of stop codons and frameshifts. The models were then manually analyzed to confirm pseudogene status. Sequences of 431 processed pseudogenes earlier identified by Zhang et al. 39 , were mapped to the genomic sequence of the chromosome 5 by using the BLAT tool. Loci with multi-exon mapping, overlaps with the pseudogenes described above and simple repeats identified by RepeatMasker were eliminated. Pseudogene status of the remaining sequences was manually validated.
Segmental Duplication Analysis
We used a BLAST-based detection scheme 40 Satellite repeats were detected by using RepeatMasker (version: 2002/05/15) on slow settings. Analysis of haplotype structural variation was performed using the program Miropeats (threshold =7000) 41 .
Comparative Analysis
In this work, we used the following genomes freezes: chimpanzee are computed using PARAGON (v2.13; Couronne, unpublished work). As input for PARAGON, we used BLASTZ (v6) 42 DNA pairwise alignments of all the species to human. Slow evolving regions are extracted from the alignments using GUMBY (p-value > 0.01; Prabhakar, unpublished work). Chimpanzee: We built a 4-dimension human/chimp/mouse/rat segmental homology map with PARAGON, aligned all the segments with MLAGAN (v12) 43 and computed the slow evolving conserved regions with GUMBY.
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